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GRAPHICAL  ABSTRACT 


►  A  simple  solid— liquid  grinding/ 
templating  method  is  used  for  the 
synthesis  of  Sn-C  nanocomposite. 

►  Sn  nanocrystals  with  the  sizes  of 
3-5  nm  are  embedded  in  graphitic 
ordered  mesoporous  carbon  walls. 

►  The  new  Sn-C  nanocomposite  as  an 
anode  material  exhibits  excellent 
electrochemical  performance. 
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New  Sn— C  nanocomposite  with  metallic  tin  nanocrystals  embedded  into  graphitic  mesoporous  carbon 
walls  has  been  synthesized  via  a  simple  one-step  solid-liquid  grinding/templating  route.  X-ray 
diffraction,  nitrogen  adsorption— desorption,  transmission  electron  microscopy  and  thermogravimetric 
analysis  techniques  are  used  to  characterize  the  samples.  It  is  observed  that  high  content  of  metallic  tin 
nanocrystals  with  the  sizes  of  3—5  nm  are  well  dispersed  into  the  highly  conductive  graphitic  carbon 
walls,  and  synthesized  tin-graphitic  mesoporous  carbon  (Sn-GMC)  nanocomposite  possesses  ordered 
2D  hexagonal  mesostructures  with  moderate  surface  area,  large  pore  volume  and  hierarchical  porosity. 
Due  to  its  novel  structures,  the  Sn— GMC  nanocomposite  exhibits  high  initial  coulombic  efficiency, 
excellent  cyclability  and  rate  performance  when  employed  as  an  anode  material  in  lithium  ion  batteries. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Rechargeable  lithium-ion  batteries  (LIBs),  which  are  currently 
the  main  power  sources  for  portable  electronic  devices,  are  now 
considered  as  promising  power  supplies  for  electric  vehicles  and 
hybrid  electric  vehicles  [1-4].  The  new  generation  LIBs,  which  are 
expected  to  have  superior  performance  in  terms  of  energy  density, 
cycling  life,  and  rate  capability,  may  only  be  obtained  by  achieving 
breakthroughs  in  electrode  materials  [5-8].  As  one  of  the  most 
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promising  anode  materials,  metallic  Sn  has  received  enormous 
research  interest  as  potential  substitute  for  current  graphite  elec¬ 
trode  (theoretical  capacity  372  mAh  g-1)  because  of  its  higher 
theoretical  reversible  specific  capacity  (Li+qSn,  992  mAh  g_1)  [1,9]. 
However,  the  commercial  use  of  metallic  Sn  to  LIBs  is  generally 
hindered  by  the  severe  volume  change  (259%)  during  Li+  insertion / 
extraction  cycle,  which  causes  the  disintegration  of  the  electrode 
and  rapid  capacity  fading  [9,10].  In  order  to  overcome  this  short¬ 
coming,  several  efforts  including  using  nano-sized  metallic  Sn 
particles  [11,12],  binary  Sn-alloys  [13,14],  and  Sn-based  carbon 
composites  [15-20]  have  been  invested.  In  these  cases,  Sn-based 
carbon  composites  especially  the  nanostructured  metallic  Sn 
encapsulated  in  the  carbon  matrices  have  attracted  particular 
attention  since  carbon  materials  can  buffer  the  volume  changes  of 
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Sn  particles  and  provide  good  electrical  contact  [21-23].  However, 
the  fabrication  of  Sn/C  nanocomposite  reported  to  date  usually 
involves  complicated  procedure,  and  the  formed  carbon  matrices 
mostly  are  amorphous  bulk  without  controllable  porous  structure 
which  prevents  the  rapid  Li+  insertion/extraction  during  the 
discharge/charge  cycles  [17]. 

Ordered  mesoporous  carbons,  due  to  its  unique  structural  and 
chemical  properties,  have  been  recently  considered  as  powerful 
nanomaterials  to  functionalize  other  electrode  materials  for 
improving  their  electrical  conductivity,  mechanical  and  thermal 
properties  in  LIBs  [24,25].  For  example,  Zhao  et  al.  [26]  reported  that 
the  deposition  of  Sn02  in  the  channels  of  mesoporous  carbon  CMK-3 
by  using  impregnation  method  showed  a  better  cycle  performance 
than  nano-sized  Sn02.  By  using  such  time  consuming  method, 
several  other  anode  materials  such  as  metallic  Sn,  CoO,  and  NiO 
nanoparticles  incorporated  into  the  amorphous  mesoporous  carbon 
channels  were  also  prepared  by  other  groups  [16,27,28],  their 
reports  have  resulted  in  improvements  of  the  electrochemical 
performance  of  the  anodes  to  some  extents.  However,  because  of 
the  limited  space  of  mesoporous  channels,  it  is  not  feasible  to  load 
high  content  of  anode  materials  on  mesoporous  carbon  since  the 
huge  volume  changes  of  big  active  particles  during  the  discharge/ 
charge  cycles  easily  destroy  the  mesostructure  of  carbon  supports 
which  leads  to  a  poor  cycling  performance  [26].  Recently,  Chen  et  al. 
[22]  fabricated  ordered  mesoporous  Sn-C  composite  with  Sn 
nanoparticles  confined  in  carbon  nanorods  via  a  nanocasting 
approach,  such  material  exhibited  excellent  cycling  and  rate 
performances  when  employed  as  anode  material  in  lithium  ion 
batteries.  However,  because  of  its  high  surface  area  (583  m2  g-1 )  and 
amorphous  carbon  framework,  a  large  initial  irreversible  capacity 
loss  accompanied  with  low  coulombic  efficiency  is  inevitable. 

Herein,  we  present  a  simple  process  for  the  synthesis  of  new 
Sn-C  nanocomposite  anode  material  with  metallic  Sn  nanocrystals 
embedded  in  graphitic  ordered  mesoporous  carbon  (GMC)  walls. 
The  synthesis  was  achieved  using  one-step  solid-liquid  grinding/ 
templating  method  developed  by  our  group  [29],  during  which 
ordered  mesoporous  silica  SBA-15  was  used  as  a  template,  soybean 
oil  and  tin  bichloride  dihydrate  were  respectively  used  as  the 
carbon  source  and  tin  precursor.  It  was  showed  that  highly 
dispersed  metallic  Sn  nanocrystals  with  the  sizes  of  3-5  nm  were 
well  embedded  into  the  highly  conductive  graphitic  carbon  walls, 
and  the  synthesized  nanocomposite  possesses  ordered  2D  hexag¬ 
onal  mesostructures  with  moderate  surface  area,  large  pore  volume 
and  hierarchical  porosity.  Preliminary  experiments  in  this  study 
showed  that  this  new  Sn-GMC  nanocomposite  exhibited 
improvement  of  initial  coulombic  efficiency,  excellent  cyclability 
and  rate  performance  when  employed  as  an  anode  material  in 
lithium  ion  batteries. 

2.  Experimental 

2.2.  Synthesis  of  Sn-GMC  nanocomposite 

Ordered  mesoporous  silica  SBA-15  template  with  rodlike 
morphology  was  synthesized  as  the  reported  procedure  except 
enlarging  the  amount  by  ten  times  [30].  New  Sn-GMC  nano¬ 
composite  was  synthesized  using  one-step  solid-liquid  grinding 
templating  method  without  the  help  of  any  organic  solvent.  In 
a  typical  synthesis,  ordered  mesoporous  silica  SBA-15  template 
(5.0  g),  soybean  oil  (10.0  g),  and  tin  bichloride  dehydrate 
(SnCl2-2H20,  3.5  g)  were  ground  together  for  4  h  on  a  ball  mill 
machine  to  get  a  homogeneous  mixture,  then  the  mixture  was 
transferred  into  a  tube  furnace  to  carbonize  the  precursors  at  the 
temperature  of  900  °C  under  Ar  flow  for  5  h  with  a  heating  rate  of 
2  °C  min-1,  the  resultant  composites  were  treated  with  2  M  NaOH 


SBA-15  Seed  fat  SnCI2 


Grinding  NaOH 

treated 


Fig.  1.  Illustration  of  the  synthesis  of  Sn-GMC  nanocomposite  by  solid-liquid 
grinding/templating  method. 


aqueous  solution  to  remove  the  silica  template.  Graphitic  ordered 
mesoporous  carbon  was  prepared  by  the  same  method  but  without 
adding  any  tin  salt  in  the  above  experimental  process. 


2.2.  Structural  characterization 

Small-angle  X-ray  diffraction  (SXRD)  patterns  were  collected  in 
6-26  mode  using  Rigaku  D/MAX-2550VB/PC  diffractometer  (CuKai 
radiation,  A  =  1.5406  A),  operated  at  40  kV  and  200  mA  (scanning 
step:  0.02°  per  second).  Wide-angle  XRD  patterns  were  collected  in 
the  same  mode,  but  operated  at  100  mA.  Scanning  electron 
microscopy  (SEM)  images  were  performed  on  a  Philips  XL-30 
scanning  electron  microscope  operating  at  an  acceleration  voltage 
of  25  kV.  Transmission  electron  microscope  (TEM)  images  were 
taken  using  a  JEOL  JEM-2010  electron  microscope  with  an  accel¬ 
eration  voltage  of  200  kV.  Nitrogen  sorption  isotherms  were 
measured  at  -196  °C  on  a  Micromeritics  ASAP  2000  apparatus. 
Before  measurements,  the  samples  were  degassed  in  vacuum  at 
200  °C  for  6  h.  The  Brunauer-Emmett-Teller  (BET)  method  was 
utilized  to  calculate  the  specific  surface  areas.  The  pore  size 
distributions  were  derived  from  the  desorption  branches  of  the 
isotherms  using  the  Barrett-Joyner-Halenda  (BJH)  method.  The 
total  pore  volume  (Ut)  was  estimated  at  a  relative  pressure  of  0.98. 
Thermogravimetric  analysis  was  carried  out  using  a  Mettler  Toledo 
TGA-SDTA851  analyzer  (Switzerland)  from  25  to  800  °C  in  an  air 
flow  of  80  mL  min-1  at  a  heating  rate  of  5  °C  min-1. 

2.3.  Electrochemical  measurements 

Electrochemical  measurements  were  performed  using  home¬ 
made  coin  cells  with  lithium  metal  as  the  counter  and  reference 
electrodes  at  room  temperature.  The  working  electrodes  were 
prepared  by  coating  the  slurry  of  the  active  materials  (70  wt%), 
carbon  black  (20  wt%),  and  polyvinylidene  fluoride  (PVDF)  (10  wt%) 
dissolved  in  n-methyl  pyrrolidinone  onto  a  Cu  foil  substrate.  The 
coated  electrodes  were  dried  in  a  vacuum  oven  at  120  °C  for  12  h 
and  then  pressed  to  enhance  the  contact  between  the  active 
materials  and  the  conductive  carbons.  The  electrolyte  was  1  M  LiPF6 
in  a  mixture  of  ethylene  carbonate  and  diethyl  carbonate  (1:1  by 
volume),  and  Celgard  2400  was  used  as  the  separator.  Cell  assembly 
was  carried  out  in  an  argon-filled  glove-box  (with  the  concentra¬ 
tions  of  moisture  and  oxygen  below  1  ppm).  The  electrochemical 
performance  was  tested  at  various  C-rate  regimes  in  the  voltage 
range  of  0.005-2.00  V  on  a  NEWARE  battery  test  system. 
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Fig.  2.  Low-angle  and  wide-angle  (inset)  XRD  patterns  of  the  Sn-GMC 
nanocomposite. 

3.  Results  and  discussion 

The  synthesis  process  of  the  Sn-GMC  nanocomposite  by  one- 
step  solid-liquid  grinding/templating  method  is  very  simple 
(illustrated  in  Fig.  1).  Ordered  mesoporous  silica  SBA-15,  soybean 
oil  and  tin  bichloride  dihydrate  with  the  weight  ratio  of  1:2:0.7 
were  ground  together  to  get  a  homogeneous  mixture.  Heat  treat¬ 
ment  was  carried  out  at  900  °C  under  Ar  atmosphere  with  a  gradual 
increase  of  temperature  and  Sn  nanocrystals  were  reduced  in  situ 
and  confined  into  the  walls  of  mesoporous  carbon  accompanying 
the  process  of  carbonaceous  polymerization/graphitization,  since 


the  melting  point  of  SnCl2-2H20  is  only  37.7  °C  much  less  than  its 
boiling  point  (652  °C),  it  will  infilter  into  the  channels  of  meso¬ 
porous  silica  with  soybean  oil  during  the  heat  treatment.  The  silica 
template  was  removed  with  sodium  hydroxide  aqueous  solution. 

The  formation  of  the  Sn-GMC  nanocomposite  is  firstly  provided 
by  X-ray  diffraction  (XRD)  analysis  as  shown  in  Fig.  2.  The  low-angle 
XRD  pattern  in  Fig.  2  shows  that  a  sharp  diffraction  corresponding 
to  (100)  reflection  of  the  2D  hexagonal  (p6mm)  symmetry  can  be 
observed,  indicating  that  the  synthesized  Sn-GMC  nanocomposite 
has  retained  regular  mesostructures  although  the  higher  angle  two 
diffractions  indexed  to  (110)  and  (200)  are  too  weak  to  be  detected, 
as  confirmed  by  the  transmission  electron  microscope  (TEM) 
images  (see  Fig.  3a).  From  the  wide-angle  XRD  pattern  (Fig.  2  inset), 
it  can  be  seen  that  in  addition  to  the  two  broad  peaks  at  around  25 
and  44°  which  can  be  respectively  indexed  to  the  (002)  and  (101) 
reflections  for  typical  graphitic  carbon,  all  diffraction  peaks  can  be 
well  indexed  to  pure  /3-Sn  (JCPDS  card  no.  86-2265)  and  no 
evidence  of  tin  oxide  is  detected.  Here  it  should  be  mentioned  that 
if  the  metallic  Sn  stays  on  the  channels  of  mesoporous  carbon,  it 
will  be  gradually  dissolved  into  the  sodium  hydroxide  aqueous 
solution  and  change  into  corresponding  stannonate  under  the 
experimental  condition.  TG  result  (Fig.  SI)  under  air  atmosphere 
exhibits  that  this  Sn-GMC  nanocomposite  has  a  chemical  compo¬ 
sition  of  about  24.6  wt%  metallic  Sn  and  75.4  wt%  graphitic  carbon, 
and  the  existence  of  high  content  of  metallic  Sn  in  the  resultant 
nanocomposite  reveals  that  metallic  Sn  is  stable  during  NaOH 
treatment,  which  is  due  to  the  embedding  of  Sn  nanocrystals  into 
graphitic  carbon  matrix,  and  the  latter  protects  the  metal  particles 
against  environmental  degradation. 

The  SEM  images  in  Fig.  S2  show  that  the  rodlike  morphology  of 
the  SBA-15  template  is  replicated  in  the  Sn-GMC  nanocomposite, 


Fig.  3.  Low-  (a)  and  high-magnification  (b,  c)  TEM  images  for  the  Sn-GMC  nanocomposite,  (d)  HRTEM  image  long  [100]  direction. 
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Fig.  4.  N2  adsorption-desorption  isotherms  of  the  Sn-GMC  nanocomposite  and  the 
corresponding  BJH  pore  size  distribution  curve  (inset). 

the  average  length  of  the  rodlike  Sn-GMC  nanocomposite  is  about 
1.2  pm  which  is  similar  to  the  hard  template  SBA-15  rods.  The 
detailed  structure  was  provided  by  TEM  images.  From  the  low- 
magnification  image  (Fig.  3a),  it  can  be  seen  that  besides  the 
rodlike  morphology,  ordered  2D  hexagonal  mesostructure  was 
clearly  observed  for  the  nanocomposite.  However,  there  are  no 
evident  big  particles  that  related  to  metallic  Sn  can  be  detected 
from  low-magnification  TEM  images,  indicating  Sn  with  ultrafine 
nanocrystals  is  homodispersed  in  the  graphitic  mesoporous  carbon. 
The  further  high-magnification  TEM  (HRTEM)  images  (Fig.  3b,  c  and 
the  inset  of  Fig.  3c)  show  that  metallic  Sn  nanocrystals  are  well 
embedded  into  the  graphitic  mesoporous  carbon  walls  with  the 
particle  sizes  of  3-5  nm,  which  is  consistent  with  above  deduction. 
HRTEM  image  along  the  [100]  direction  in  Fig.  3d  further  confirms 


the  embedded  Sn  nanocrystals  and  the  opened  mesopore  channels. 
In  addition,  HRTEM  images  exhibit  that  the  mesoporous  carbon  in 
nanocomposite  has  a  relative  high  graphitic  degree  with  the 
d  spacing  of  the  observed  lattice  planes  of  0.345  nm  and  very  close 
to  the  d{ 002)  value  (0.34  nm)  of  typical  graphite,  which  is  in 
agreement  with  our  previous  study  [29].  This  new  architecture  of 
Sn-C  nanocomposite  is  important  and  useful  in  LIBs  anode  since 
graphitic  carbon  walls  can  function  as  efficient  electron  transport 
pathways  and  stable  mechanical  support  for  active  metallic  Sn,  at 
the  same  time,  it  can  also  serve  as  an  impediment  against  the 
deleterious  reactions  between  active  matter  and  solution  species  in 
discharging-charging  processes  due  to  the  close  contact  of  metallic 
Sn@graphitic  carbon  structure. 

Fig.  4  gives  the  nitrogen  adsorption-desorption  isotherms  and 
corresponding  Barrett-Joyner-Halenda  (BJH)  pore  size  distribution 
curve  for  the  Sn-GMC  nanocomposite.  A  strong  uptake  of  N2  as 
a  result  of  capillary  condensation  is  observed  in  a  wide  relative 
pressure  (P/P0)  range  of  0.40-0.95,  which  is  the  characteristic  of 
mesoporous  materials.  The  pore  size  distribution  obtained  from  an 
analysis  of  desorption  branch  of  the  isotherm  is  shown  in  the  inset  of 
Fig.  4.  It  can  be  seen  that  this  nanocomposite  has  bimodal  pore  size 
distributions  centered  at  about  3.8  and  8.1  nm  which  are  respectively 
ascribed  to  the  dissolution  of  the  silica  walls  and  the  coalescence  of  no 
completely  filled  spaces  of  the  template  SBA-15.  Such  hierarchical 
mesostructure  is  especially  valuable  for  lithium  ion  batteries  system 
since  ionic  diffusion/transfer  becomes  easily.  Additionally,  the 
Sn-GMC  nanocomposite  has  a  moderate  BET  surface  area 
~  223.9  m2  g-1,  and  a  large  pore  volume  ~  0.611  m3  g-1,  which  may 
reduce  the  formation  of  solid  electrolyte  interface  (SEI)  films  and 
provide  a  high  coulombic  efficiency  during  the  initial  Li+  discharge/ 
charge  cycles. 

In  order  to  test  the  potential  applicability  of  the  prepared 
Sn-GMC  nanocomposite  in  lithium  ion  batteries,  the  electrochemical 
performance  of  this  material  was  tested  in  Sn-GMC/Li  half  cell 
(see  details  in  experimental  section).  Fig.  5(a)  displays  typical 


Fig.  5.  (a)  Typical  discharge-charge  voltage  profiles  of  the  Sn-GMC  nanocomposite  electrode  at  a  current  rate  of  0.1  C;  (b)  Comparison  of  the  cycle  performances  of  the  Sn-GMC 
nanocomposite  and  graphitic  mesoporous  carbon  at  a  current  rate  of  0.1  C;  (c)  Rate  capabilities  of  the  Sn-GMC  nanocomposite  at  various  rates. 
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Fig.  6.  Discharge  (Li+  insertion)  and  charge  (Li+  extraction)  processes  of  the  Sn-GMC 
electrode. 


discharge-charge  voltage  profiles  of  the  Sn-GMC  nanocomposite 
electrode  at  a  constant  rate  of  0.1  C.  The  Sn-GMC  nanocomposite 
electrode  shows  first  discharge  and  charge  capacities  of 
691.4  mAh  g-1  and  524.9  mAh  g-1  in  the  voltage  range  of 
0.005-2.0  V,  corresponding  to  an  initial  columbic  efficiency  (ICE)  of 
approximately  75.9%,  which  was  notably  higher  than  the  previous 
studies  on  amorphous  mesoporous  carbon/metal  oxide  nano¬ 
composites  (generally  ICE  <  50%)  [27,28  ].  The  improvement  of  the  ICE 
for  Sn-GMC  nanocomposite  may  result  from  the  hierarchical  mes- 
ostructures  and  the  decreased  formation  of  nonconducting  solid 
electrolyte  interface  due  to  its  relative  low  specific  surface  area. 

The  excellent  cycle  performance  of  the  Sn-GMC  nanocomposite 
is  demonstrated  in  Fig.  5(b).  For  comparative  purpose,  a  graphitic 
ordered  mesoporous  carbon  (GMC)  derived  from  soybean  oil  was 
prepared  according  to  literature  [29]  and  also  examined  under  the 
same  conditions.  At  the  current  rate  of  0.1  C,  the  Sn-GMC  nano¬ 
composite  exhibits  high  coulombic  efficiency  approaching  100% 
with  a  stable  specific  capacity  of  560  mAh  g_1  after  100  cycles, 
almost  double  the  value  for  graphite.  Whereas  the  capacity  of  GMC 
electrode  gradually  decreased  to  290  mAh  g^1  even  after  50  cycles. 
Fig.  5(c)  shows  rate  capacity  for  the  Sn-GMC/Li  half  cell  after  100 
cycles.  When  the  current  rate  is  first  increased  from  0.1  to  0.25  C, 
a  stable  capacity  of  445  mAh  g-1  can  be  achieved.  Afterward,  the 
discharge-charge  rates  were  continuously  increased  stepwise  up 
to  2  C,  under  this  high  rate,  the  Sn-GMC  nanocomposite  can  still 
deliver  a  stable  capacity  of  about  330  mAh  g-1  after  10  cycles.  In 
other  words,  the  discharge  or  charge  process  can  be  finished  in 
about  30  min  while  still  obtaining  a  relatively  high  capacity. 
Moreover,  when  the  current  rate  is  again  returned  to  0.1  C  after 
more  than  160  cycles,  a  stable  high  capacity  of  560  mAh  g_1  can  be 
resumed,  demonstrating  that  the  Sn-GMC  nanocomposite  anode 
has  an  excellent  rate  performance. 

Such  pronounced  electrochemical  performance  can  be  ascribed 
to  the  unique  structure  of  the  Sn-GMC  nanocomposite  with  a  variety 
of  favorable  properties,  as  shown  in  Fig.  6.  First,  monodispersed 
micro-rods  with  hierarchical  mesostructures  make  facile  the  liquid 
electrolyte  diffusion  into  the  bulk  of  the  electrode  material  and 
hence  provides  fast  conductive  ion  transport  channels  for  the 
conductive  ions.  Second,  the  graphitic  carbon  frameworks  can  well 
buffer  against  the  local  volume  changes  of  metal  active  materials  and 
sustain  the  hierarchical  architecture  due  to  the  special  metallic 
Sn@graphitic  carbon  structure.  Finally,  well-interconnected 
graphitic  carbon  matrix  has  a  high  electronic  conductivity  which 
ensures  the  good  electrical  contact  of  the  electrode  during  cycling. 

4.  Conclusions 

In  conclusion,  we  have  demonstrated  for  the  first  time  that  new 
Sn-C  nanocomposite  anode  material  with  metallic  Sn  nanocrystals 
embedded  in  graphitic  ordered  mesoporous  carbon  walls  was 
synthesized  via  a  simple  one-step  solid-liquid  grinding/templating 
route.  XRD,  nitrogen  sorption,  SEM,  TEM  and  TG  results  all  consis¬ 
tently  reveal  that  the  highly  dispersed  metallic  Sn  nanocrystals  with 
the  sizes  of  3-5  nm  are  well  embedded  in  the  highly  conductive 


graphitic  ordered  mesoporous  carbon  walls,  and  the  obtained 
Sn-GMC  nanocomposite  possesses  hierarchical  mesostructures  with 
moderate  surface  area  and  large  pore  volume  which  are  beneficial  for 
the  electric  and  ionic  diffusion/transfer  and  thereby  result  in  the 
improvement  of  rate  performance  and  cycling  capability.  Indeed,  we 
have  demonstrated  that  this  new  Sn-GMC  nanocomposite  used  as 
advanced  LIBs  anode  materials  exhibited  excellent  electrochemical 
performances.  In  addition,  our  simple  synthesis  route  can  be  easily 
enlarged  and  also  extended  to  other  graphitic  mesoporous 
carbon-metal  or  metal  oxides  nanocomposite,  these  works  are  in 
process. 
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